Relaxation processes are decisive for many physical properties of amorphous materials. For amorphous phasechange materials (PCMs) used in nonvolatile memories, relaxation processes are, however, difficult to characterize because of the lack of bulk samples. Here, instead of bulk samples, we use powder mechanical spectroscopy for powder samples to detect the prominent excess wings-a characteristic feature of -relaxations-in a series of amorphous PCMs at temperatures below glass transitions. By contrast, -relaxations are vanishingly small in amorphous chalcogenides of similar composition, which lack the characteristic features of PCMs. This conclusion is corroborated upon crossing the border from PCMs to non-PCMs, where -relaxations drop substantially. Such a distinction implies that amorphous PCMs belong to a special kind of covalent glasses whose locally fast atomic motions are preserved even below the glass transitions. These findings suggest a correlation between -relaxation and crystallization kinetics of PCMs, which have technological implications for phase-change memory functionalities. Uncovering -relaxations in amorphous phase-change materials. Sci. Adv. 6, eaay6726 (2020).
INTRODUCTION
Phase-change materials (PCMs) can be switched rapidly and reversibly between their amorphous and crystalline states by Joule heating with electrical or optical pulses (1) (2) (3) (4) . The accompanying strong optical and electrical contrast between the two states can be used for phase-change nonvolatile memory devices (e.g., encoding "0" and "1"). While an extremely fast phase transition on a nanosecond or even picosecond time scale is required for fast read and write speeds, the amorphous state must also be stable at ambient temperature long enough for data retention (1, 4) . Typical PCMs are compounds situated on the GeTe-Sb 2 Te 3 pseudobinary line such as Ge 2 Sb 2 Te 5 and GeTe (5) or consist of doped Sb 2 Te alloys such as Ag 4 In 3 Sb 67 Te 26 (AIST) (1) . Some of these compositions have already been used in optical storage devices like DVD or Blu-ray discs. Presently, major industry players and others are developing advanced PCM-based nonvolatile memory devices that are supposed to operate up to 1000 times faster than current flash disks if heated to elevated temperatures (3, 6) . At the same time, the amorphous phase should be stable at room temperature for more than 10 years to ensure data integrity. This implies that the temperature dependence of crystallization has to be very pronounced to achieve a change of speed by more than 17 orders of magnitude upon a temperature increase of about 400 to 500 K. In the last decade, a number of studies have tried to unravel the atomistic origin of this temperature dependence (7) (8) (9) (10) .
These studies have revealed a number of marked differences between PCMs and other non-PCM chalcogenides. PCMs-such as GeTe, Ge 2 Sb 2 Te 5 , and AIST-which are used for rewriteable optical and electrical data storage, show a pronounced difference of their properties between the amorphous and crystalline state. This pronounced property contrast has been attributed to a difference in bonding mechanism between both phases (11, 12) , again a feature not encountered in non-PCMs, such as GeSe, Ge 15 Te 85 , and GeSe 2 . While the amorphous state of these PCMs has properties that are compatible with ordinary covalent bonding, this is not the case for crystalline PCMs. Crystalline PCMs use an unusual property portfolio, including a high optical dielectric constant, a large Born effective charge, a high Grüneisen parameter for transverse optical modes, and an effective coordination number incompatible with the 8-N rule, which has been attributed to a novel bonding mechanism coined "metavalent bonding" (11, 12) . The very same compounds that show unusual properties in their crystalline states are also very bad glass formers and, hence, crystallize rapidly at elevated temperatures (5) . By contrast, non-PCMs are much better glass formers and crystallize too slow for memory applications (13) . These non-PCM chalcogenides (such as GeSe) also lack property contrast between their amorphous and crystalline phase and do not show those unconventional properties in their crystalline phase, unlike PCMs. While these findings help characterize and identify potential novel PCMs, these do not yet offer an atomistic perspective on the unusual kinetics. To reach this goal, a better understanding of atomic rearrangement processes in the amorphous state would be highly beneficial.
In any glassy state, the structure relaxes toward lower-energy states accompanied by changes in structure and almost all physical properties such as entropy, density, and electrical resistivity (14) . For example, relaxation dynamics have been recognized to be crucial for the drift of electrical resistance with time that needs to be suppressed to realize multilevel data storage applications (15) . Theoretical calculations of the amorphous PCM GeTe have shown that the structural relaxation is associated with an increase in chemical order as well as the magnitude of the Peierls-like distortion (15) (16) (17) .
In general, glassy materials inherently feature diverse relaxation dynamics, ranging from picoseconds for fast processes to thousands of years for aging and densification (14, (18) (19) (20) (21) (22) . Among these relaxation processes, a particularly relevant process is the so-called Johari-Goldstein (secondary or -) relaxation (23) , which depicts local fast atomic motions involving a group of atoms in the slow-mobility matrix. It is the major source of glass dynamics when the primary (-) relaxation (i.e., the dynamic process that is arrested below the glass transition during cooling if crystallization is avoided) is "frozen-in" below the glass transition temperature T g (23) (24) (25) (26) . In the last decades, -relaxations have been extensively studied in polymeric (25) , molecular (23) , and metallic glasses (27, 28) . These studies revealed that -relaxations are crucial to a number of processes and properties, such as the ductility and toughness of polymeric and metallic glasses, the conductivity of ionic liquids, and the stability of glassy pharmaceuticals and biomaterials (26) .
Recently, -relaxations in metallic glasses have been found to be responsible for the fastest atomic diffusion in glassy states (29) . They promote accelerated aging and rapid crystallization (30, 31) . These phenomena are of particular interest for memory applications of PCMs. Both amorphous PCMs and group IV-, group V-, and group VIbased non-PCM alloys (e.g., GeSe, Ge 15 Te 85 , and GeSe 2 ) are commonly considered as covalent glasses. Yet, both groups of chalcogenides differ tremendously in properties such as liquid fragilities (7, 13) , glass-forming abilities (13) , crystallization rates (32) , and optical contrast (33) . While PCMs are poor glass formers, most of the covalent chalcogenides have a good glass-forming ability (13) . Hence, the question arises, how the relaxation dynamics in the glassy state of PCMs differ from those of non-PCMs consisting of similar chemical elements. Exposing these potential differences may enrich our understanding about the unique aging, crystallization, and physical properties of amorphous PCMs. Until now, neither the existence of -relaxations in PCMs nor their potential role in crystallization kinetics has been investigated because of technical difficulties in probing them. In nonconductive materials, dielectric spectroscopy is a standard tool to study the relaxation behavior (34), but amorphous PCMs usually have high conductivity (1, 3) , rendering dielectric spectroscopy not feasible. Alternatively, dynamical mechanical spectroscopy (DMS), widely adopted for metallic and polymeric glasses (26) , could be a useful tool for PCMs, as it measures the viscoelastic properties. Yet, DMS measurements require macroscopic samples of a few centimeters in size with a regular geometry and sufficient mechanical stiffness. These strict requirements are unfortunately hard to meet for PCMs, as most of them are prone to crystallize if the cooling rate from the melt does not exceed 10 9 K/s (5, 35) . Usually, PCMs can only be vitrified in thin films (nanometer to micrometer thickness). Furthermore, they are usually too brittle to be deformed. Consequently, mechanical relaxations, especially -relaxations, in PCM glasses are still largely unknown.
To overcome these difficulties, we thus propose to use powder mechanical spectroscopy ( Fig. 1A and Methods), which bypasses the constraints of sample geometry and mechanical stiffness and consumes only a few tens of milligrams of material. It provides sufficient information on the mechanical response in terms of loss modulus to identify -relaxations. Our results will disclose the existence of these -relaxations in PCMs and how they differ from those in chalcogenidebased non-PCMs. The difference is rooted in the structure and bonding character of glassy PCMs, which is absent in conventional covalent glasses. 15 Te 85 using powder mechanical spectroscopy. T* represents the temperature before the calibration. a.u., arbitrary units. (C) The storage modulus E′ and loss modulus E″ of bulk Ge 15 Te 85 samples measured using conventional DMS. (D) Comparison of peak temperatures in E″ for a range of frequencies between bulk and powder samples. Solid dots represent the data for powders after temperature calibration by subtracting 18 K to match the values found by conventional DMS. The fragility m can be extracted from the measurements of powder and bulk samples. The same information about the shape of E″(T) and temperatures can be derived from powder mechanical spectroscopy as from conventional DMS.
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RESULTS
As a typical example, Fig. 1B shows the results of powder mechanical spectroscopy for amorphous Ge 15 Te 85 . Similar to conventional DMS (Fig. 1C ), our powder mechanical spectroscope measures the storage (E′) and loss (E″) modulus as a function of temperature at a given frequency of sinusoidal stress (see Methods). Specifically, E′ measures the stored energy, representing the elastic portion of the mechanical deformation; E″ measures the energy dissipated as heat, representing the viscous or the damping portion. One can see that for temperatures below 420 K, both E′ and E″ change only slightly with temperature. However, above 420 K, E′ and E″ change rapidly with temperature, indicating enhanced viscoelastic changes in the sample. At about 420 K, the values of E′ drop in a sigmoidal manner, while E″ develops a pronounced peak, which represents the primary -relaxation process (26) . Since Ge 15 Te 85 is a good glass former, we can measure the same properties for bulk samples using conventional DMS and obtain the same temperature dependence of E′ and E″ (Fig. 1C ) as for the powder samples ( Fig. 1B) . Quantitatively, we find that there is a temperature difference of 18 K between powder and bulk samples, possibly resulting from the thermal lag due to the powder holder and poor thermal transport of the powders. Therefore, a temperature calibration of −18 K is necessary for powder mechanical spectroscopy and is applied to all following results for PCMs and non-PCMs. Figure 1D shows the frequency dependence of the peak temperature for both powder and bulk samples, which yields approximately the same fragility values [defined as m = dlog(1/f)/(T g /T) at T = T g ], m = 51 ± 3 for both bulk and powder samples. It is in good agreement with the fragility of m = 49 ± 4 determined by differential scanning calorimetry (DSC) scans (36) . Further comparisons between powder mechanical spectroscopy and DMS are presented in figs. S2 to S3 using bulk metallic glasses as standard samples. These analyses show that powder mechanical spectroscopy can qualitatively provide the same information about relaxation dynamics as DMS. Note that the absolute values of E′ and E″ for the powder samples carry no physical meanings, as they depend on the amount and compactness of the powder samples. Our subsequent analysis thus relies only on the relative changes in the temperature dependence of E″.
Powder mechanical spectroscopy provides a unique opportunity to access the mechanical relaxation dynamics of well-known PCMs such as GeTe, Ge 2 Sb 2 Te 5 , and AIST ( Fig. 2 , D to F) and the non-PCM chalcogenides Ge 15 Te 85 , GeSe, and GeSe 2 (Fig. 2 , A to C) in their amorphous states. The compositions of the non-PCMs are selected on the basis of the same groups IV and VI of the periodic table as the PCMs. Despite their chemical similarity, non-PCMs differ from PCMs in terms of a number of important properties in their crystalline phases, as mentioned earlier (12) . Yet, for these same properties, the difference between amorphous PCMs and non-PCMs is very modest. However, a pronounced difference in crystallization kinetics is observed. Non-PCMs are characterized by slow crystallization kinetics (13) and good glass-forming abilities in terms of the Turnbull parameter T g /T l ≥ 0.6, where T g and T l are the glass transition temperature at a conventional rate (e.g., 20 K/min) and the liquidus temperature, respectively. Turnbull (37) showed that T g /T l close to 2/3 is the criterion for good glass formers [T g /T l = 0.6 for GeSe (38) , 0.61 for Ge 15 Te 85 (39) , and 0.68 for GeSe 2 (40) ]. On the contrary, PCMs have T g /T l ~ 0.5, indicative of poor glass-forming T (K) abilities (35, 38) . Good glass formers crystallize slowly, which is unfavorable for memory device applications at elevated temperatures. We find an interesting difference in E″(T) between PCMs and non-PCMs: The non-PCMs exhibit a symmetric peak, reflecting the primary stress relaxation process (i.e., -relaxation), whereas the technologically important PCMs show a clear asymmetry in the E″ peak via a pronounced additional contribution on the low-temperature flank of the main peak. In glass physics, this is called an excess wing, which would develop to an additional peak characteristic for -relaxation, if not eclipsed by the -relaxations (26) . The symmetric shape of -relaxation peak in non-PCMs can be fitted well by a Gaussian peak function, as shown in Fig. 2 (A to C) . Using a Gaussian function to fit the main peak of -relaxation in PCMs (Fig. 2 , D to F), we can quantify the amount of the excess wings with respect to the Gaussian peak of the -relaxation. As shown in Fig. 2 (D to F) , the E″(T) of PCMs substantially deviate from the Gaussian shape because of the excess wings.
In Fig. 3 , we use the ratio of excess wing to the total area under the E″(T) curve, W ex = A w /(A w + A gau ), as a measure of the excess wing. We found that amorphous PCMs have excess wing ratios greater than ~30%. By contrast, for non-PCMs, this value is less than 9%, indicating that -relaxation is negligible.
In addition, Fig. 2 (bottom panels in each sub- figure) shows an exothermic process (also called sub-T g enthalpy relaxation) on the DSC scans before the onset of glass transition T g (or crystallization T x ), which is typical for fast-quenched glasses (41, 42) , where a large amount of enthalpy is trapped upon vitrification. The excess wings in PCMs investigated occur at temperatures much lower than the reported calorimetric glass transition temperature (35, 38) . Note that the -relaxation peak in E″ depends on the stress frequency and the experimental technique used. Early studies showed that most of the characteristic time scales defined and measured for the different relaxation processes differ (43) . This provides an explanation for the difference in the temperature of the -relaxation peak for the mechanical relaxation, T  , and the calorimetric T g .
To gain further insight into -relaxations in amorphous PCMs, we study a series of binary alloys of (GeTe) 1−x (GeSe) x (see Fig. 4A ). The two compounds GeTe and GeSe are isoelectronic and feature p-electron-bonded atomic configurations. However, GeTe is a PCM, featuring a pronounced difference of properties between the amorphous and crystalline phase, while this is not the case for GeSe. Along the pseudobinary line between GeTe and GeSe, we observe a clear trend; the excess wing ratio remains at around 45% upon increasing GeSe content up to about 60%, followed by a sudden decrease (Fig. 4B ). This demonstrates that alloying tunes the strength of -relaxations in this material system. Electrical conductivity data show a similar trend. While a continuous decline is found up to 60% GeSe content, a sudden decrease in electric conductivity is also observed above (Fig. 4C) . The origin of the -relaxation in amorphous PCMs is rooted in their microscopic structure and bonding character, which will be discussed in detail in the following.
DISCUSSION
The results presented above establish the existence of -relaxations in amorphous PCMs. This provides evidence that -relaxation can also exist in covalently bonded glasses. Previous studies of -relaxations were limited to molecular (23) , polymer (25) , protein in sugar glass (44) , and metallic glasses (27) (28) (29) 45) . In light of our findings, it can now be concluded that in all classes of glassy materials mentioned above, there are some members that show -relaxations. While -relaxations in other types of glasses exhibit as either peaks, broad humps, or excess wings (26) , the -relaxation in PCMs appears as an excess wing that partially merges into -relaxations. At high temperature, the dynamics of a viscous liquid are characterized by the coupling of time scale of and -relaxations following the same temperature dependence ( Fig. 5) (46) . As the temperature is lowered and approaches T g , rattling particles escape from "cages," leading to the bifurcation of and -relaxation times (discrepancy between red and blue lines in Fig. 5 ) (47) . While -relaxation undergoes further viscous slowdown, -relaxation exhibits a weaker temperature dependence of relaxation time. It thus retains a faster structural relaxation process involving local atomic motions at shorter time scales, as illustrated in Fig. 5 . Therefore, in PCMs, such a fast process (i.e., -relaxation) remains even at the kinetically frozen-in glassy state and provides a source of high-mobility atoms. By contrast, the -relaxation of chalcogenide non-PCMs is experimentally indistinguishable from the -relaxation, suggesting a strong coupling of their and -relaxation modes (dashed blue line overlapping the red line in Fig. 5 ) and the absence of local faster atomic motions. Note that none of the PCMs investigated shows a separate -relaxation peak, suggesting that these -processes are close to -processes in temperature, compared to those typical -relaxations in other materials, e.g., La-MG and Pd-MG (illustrated as a dot-dashed line in Fig. 5) .
Microscopically, the excess wings in PCMs indicate that the atomic motions in some local regions can be substantially faster than other regions (19, 48) . Given the local structure-dynamics correlation, this implies that PCMs have local less ordered or loosely caged regions (48, 49) , where the collective motion of atoms can be more easily executed and could possibly presage -relaxations. This is in stark contrast to the case of non-PCMs, where the covalently bonded network constrains the atomic motions, resulting in a close correlation of the motions on different length scales (inset of Fig. 5 ). In this sense, amorphous PCMs appear to be a special kind of covalent glasses enabling locally fast atomic motion through local relaxation processes.
-Relaxation is a major source of glass dynamics. It plays an important role in facilitating crystallization, as documented well for metallic glasses (30) . Ichitsubo et al. (30) showed that the accumulation of atomic jumps associated with -relaxation can be stochastically resonant with the ultrasonic vibrations, leading to an about 10 times faster crystallization in metallic glasses. For PCM applications, GeTe, . -Relaxation represents a secondary faster relaxation process, which is structurally distinct from the slower -relaxation at lower temperatures and remains fast even in the glassy state. Inset: In non-PCM glasses, atomic motions are spatially constrained within the covalently bonded network. In amorphous PCMs, the local relaxation processes (i.e., -relaxation) associated with the faster atomic motion (orange circles) are readily available.
Ge 2 Sb 2 Te 5 , and AIST crystallize on a time scale of nanoseconds (~10 to 100 ns) at elevated temperatures (5, 10) . By contrast, non-PCMs like Ge 15 Te 85 , GeSe, and GeSe 2 crystallize much more slowly (36, 40) , rendering them unsuitable for phase-change memory applications. According to the classical theory of nucleation and growth, the nucleation rate I s and crystal growth velocity u can be respectively expressed as (50-52)
where  is the interfacial energy and G is the Gibbs free-energy difference between the amorphous and the crystalline phases (driving force) (50) (51) (52) . Both I s and u depend on the kinetic factor D eff , which is a measure of atomic mobility (50, 51, 53) . The atomic mobility can be described by several quantities, including the diffusivity, inverse viscosity, and inverse relaxation times (51, 53) . Yu et al. (29) , measuring atomic hopping frequencies of metallic glasses using nuclear magnetic resonance, demonstrated that the occurrence of diffusion of the fastest atoms coincides with -relaxations. The activation energy of the fastest constituent atoms is nearly equal to that for -relaxations. As an analog, assuming that the fastest atoms are also responsible for the -relaxation in PCMs, they would enhance the kinetic factor D eff and facilitate fast crystallization through both faster nucleation and faster growth in PCMs below the bifurcation temperature of and -relaxation (illustrated in Fig. 5 ). This conclusion is valid for both nucleation-dominated materials (e.g., Ge 2 Sb 2 Te 5 ) and growth-dominated compounds (such as AIST) (54) since both I s and u rely on D eff . The decreasing strength of -relaxation along the GeTe-GeSe compositional line (see Fig. 4 ) should hence be accompanied by a slowdown of crystallization and an increase in amorphous phase stability (55) . Last, we note that the marked difference in the strength of relaxation between amorphous PCMs and non-PCMs is reminiscent of the pronounced difference in the property portfolio of their crystalline phases. Crystalline PCMs have a high optical dielectric constant (ϵ ∞ > 15), a high Born effective charge, a measure of the bond polarizability (Z* = 4 to 6), and a high Grüneisen parameter, which characterizes the solids' anharmonicity (| TO | > 3) in marked contrast to significantly lower values of non-PCM chalcogenides (ϵ ∞ = 5 to 15, Z* = 2 to 3, and | TO | = 0 to 2) (11). The transition from crystalline PCMs to non-PCMs is accompanied by a pronounced change in bond breaking, as observed by atom probe tomography (33) . The abovementioned properties do not show any remarkable difference between amorphous phases of PCMs and related non-PCMs. Yet, the relaxation dynamics exhibit an essential difference. In particular, the kink in the excess wing ratio around 60% GeSe content in amorphous GeTe-GeSe coincides with the drop of the dielectric constant of its crystalline phases at nearly the same composition (33) . This raises the question whether there is a common origin of the differences that distinguishes PCMs from non-PCMs governing the behavior of both crystalline and amorphous phases.
Upon the transition from PCM to non-PCM compositions, the conductivity drops by typically about six to seven orders of magnitude in crystalline phases (11, 12) . A drop is also observed for the amorphous phases (Fig. 4C) , albeit with much smaller magnitude. In crystalline phases, the lower conductivity in non-PCMs is caused by electron localization in their covalently bonded network. In amor-phous phases, the corresponding mechanism is less clear. Yet, it was noted that in non-PCMs, a metal-semiconductor transition usually occurs above T m , whereas in PCMs, it occurs at lower temperatures below T m , usually obscured by crystallization (13, 56, 57) . This is indicative of a correlation between electrical conductivity and atomic rearrangement processes. However, it is not yet understood if and how the mobility and density of the charge carriers are related to the atomic mobility responsible for -relaxation.
There is a second marked similarity between amorphous and crystalline PCMs. The corresponding undercooled liquids are characterized by high liquid fragilities (7) not encountered by their non-PCM counterparts. This is usually interpreted as evidence for a rugged potential energy landscape. A similar conclusion has recently also been derived for crystalline PCMs, where the propensity for local distortions leads to a very shallow energy landscape with different minima (58) . While the origin of the complex landscape and its potential link to electron localization for amorphous PCMs are yet to be unraveled, the observation of -relaxation, which can be attributed to the barrier-crossing processes between neighboring minima as suggested by Stillinger and others (19, 59) [or, alternatively, the metabasin transitions as suggested by a recent neutron scattering study (48) ], is highly plausible.
CONCLUSIONS
Using powder mechanical spectroscopy, we have shown that amorphous PCMs exhibit -relaxations manifested as the excess wing in mechanical spectra, while the non-PCMs, constituting of chemically similar components, show only a vanishingly small sign, if any, of -relaxation. We demonstrate an approach to control the strength of -relaxations by tuning the composition crossing the border from PCMs to non-PCMs. The amorphous PCMs appear to be a special kind of covalent glasses, where the local relaxations associated with fast atomic motion are readily available. As a major source of glass dynamics, -relaxations provide a fast, local atomic rearrangement process persisting even below the glass transition. The resulting atomic mobility might constitute a significant contribution to the fast crystallization kinetics in PCMs. Hence, -relaxations provide an opportunity to understand the unusual kinetics of amorphous PCMs. Furthermore, the findings presented here invite future studies to unravel the correlation between -relaxation and processes such as fragility, diffusivity, and aging. Such correlations are already well documented in other classes of materials. Our findings also demonstrate the potential of probing the relaxation dynamics of amorphous materials by using powder mechanical spectroscopy, where other mechanical techniques are not suitable.
METHODS
Sample preparation
The powder samples of Ge 2 Sb 2 Te 5 , AIST, GeTe, Ge 15 Te 85 , and GeSe were produced by dc magnetron sputtering (background pressure, 3 × 10 −6 mbar; Ar flow, 20 standard cubic centimeters per minute; and sputtering power, 20 W) with stoichiometric targets of 99.99% purity. To facilitate the exfoliation of thin films, Si substrates were spin-coated with a thin layer (~4 m) of photoresist, which can easily dissolve in acetone. After sputtering, the as-deposited films (~7 m) were exfoliated from Si substrates by a soak in acetone for 12 hours. Then, the exfoliated films were carefully milled into powders to perform subsequent analysis. For (GeTe) 1−x (GeSe) x (0 < x < 1), samples were sputtered on thin metal sheets in codeposition mode, where the power was adjusted according to the desired stoichiometry of the samples. Then, the powders were scraped off. The bulk amorphous GeSe 2 and Ge 15 Te 85 were prepared using water quenching from the melt. The bulk GeSe 2 glass was then milled into powder form. In addition, amorphous phase was checked by x-ray diffraction (Panalytical X'Pert Pro diffractometer) and DSC (Metello DSC2).
Powder mechanical spectroscopy
The relaxation behaviors of the PCMs were studied using the TA Q800 dynamical mechanical analyzer (DMA) together with a customdesigned powder kit (Fig. 1A) . The powder materials were put into a slot and pressed with a cover. Then, they were mounted on the DMA and measured in a single-cantilever mode. The apparent storage modulus E′ and loss modulus E″ were obtained. We note that the absolute values of E′ and E″ for the powder were not meaningful, but their relative changes when responding to temperature and frequencies were appropriate. We used several metallic glasses for testing and calibrations. Two types of measurements were used for calibrations: (i) metallic glasses ribbons were measured in a tensile-deformation mode; (ii) bulk metallic glasses (2 mm in diameter and 50 mm in length) were measured in a single-cantilever deformation mode. On the other hand, they were turned into powders and measured by the powder mode as described above. Details about the justification of our method are presented in the Supplementary Materials. We used a heating rate of 3 K/min for all the mechanical measurements.
Electrical conductivity measurements
The sheet resistances R s were measured at a custom-made four-point Van der Pauw tester as a function of temperature from room temperature to 350°C. All measurements were performed in argon atmosphere at a pressure of 950 mbar with a heating rate of 5 K/min. The electrical conductivity  can therefore be calculated by 1/ = R s ·thickness, where the layer thicknesses were determined using a commercially available profilometer DektakXT from Bruker.
SUPPLEMENTARY MATERIALS
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